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Abstract 
 
The p resent investigation r eports effect o f densification on the magnetic p roperties (initial 
permeability a nd relative loss factor) of Ni–Zn ferrites w ith a  c omposition 
(Ni0.68Zn0.25Mn0.02)Fe2.5O4. 
NiZn-ferrite toroid samples of the above composition, supplied by one industry, were sintered at 
three temperatures; 1000˚C, 1050˚C and 1100˚C and for three different periods of 15 mins, 1 hr 
and 4 hrs.The X-ray diffraction pattern confirms the formation of cubic spinel phase. 
In the above samples, the highest densification achieved was 84.71 % (of theoretical density) at 
1100oC 4hrs. The sintering temperature was kept low to minimize the ZnO evaporation loss. 
Magnetic measurements were performed at 100 KHz (0.01 V) using a LCR meter and showed a 
maximum inductance of 3.9501 µH. The highest initial permeability was 67.83 and the relative 
loss factor varied from 0.0143 to 0.00178 i.e. in between the range 10-2 to 10-3. 
Also, the dependency of permeability and loss were measured in the range of 42 Hz to 1 MHz. A 
decrease in initial p ermeability w as o bserved w ith i ncreasing f requency. Better m agnetic 
properties (at high frequencies) have been noted in the samples with higher densities.  
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INTRODUCTION 
 
NiZn ferrite is a spinel ferrite. Magnetic spinels have the general formula MO.Fe2O3 or MFe2O4 
where, M is divalent metal ionlike Mn, Zn, Ni, Fe, or Co (or a mixture of such ions)[1]. 
 
In t he s pinel c rystal s tructure the o xygen ions form a  c ubic c lose-packed a rray in w hich t wo 
types o f interstice o ccur, o ne coordinated t etrahedrally a nd t he o ther o ctahedrally w ith o xygen 
ions. T he cubic u nit cell is large, comprising eight formula u nits and containing 64  tetrahedral 
and 32 octahedral sites, customarily designated A and B sites respectively; e ight o f the A sites 
and 1 6 o f t he B s ites ar e o ccupied. T he u nit ce ll s hown in Fig. 1.1 is seen t o be made u p o f 
octants, four containing one t ype o f structure (shaded) and four containing another (unshaded). 
In this representation some of the A-site cations lie at the corners and face-centre positions of the 
large cube; a tetrahedral and an octahedral site are shown. The close-packed layers of the oxygen 
ion lattice lie at  r ight an gles t o the b ody d iagonals o f t he cu be. T he ar rows on the ions, 
representing d irections o f magnetic moments, indicate t hat t he B-site io ns h ave their mo ments 
directed antiparallel to those of A-site ions, illustrating the antiferromagnetic coupling[2]. 
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Fig 1.1 The unit cell of a inverse spinel[2]. 
 10 
In a spinel structure, both divalent and trivalent cations are distributed among tetrahedral (A) and 
octahedral (B) sites. The site preference exhibited by divalent ions defines whether the spinel is 
normal, inverse or mixed.  
 
In n ormal spinel, the A 2+ ions o ccupy o nly t etrahedral sites a nd t he B 3+ ions o ccupy o nly 
octahedral sites, for eg. ZnFe2O4. 
In inverse spinel, all the A2+ ions and half the B3+ ions siton the octahedral sites; the tetrahedral 
sites are occupied now by the other halfof the B3+ ions, for eg. NiFe2O4. 
 
In most cases, magnetic divalent cations(such as Ni2+) prefer the octahedral sites and produce an 
inverse spinel structure. Diamagneticdivalent cations (such as Zn2+, Cd2+) have preference for the 
tetrahedral positions and the resulting structure is a normal spinel[3]. 
Therefore,NiZn ferrite shows a mixed spinel structure. 
Addition of a non-magnetic ion such as Zn to a s pinel ferrite leads to an increase in saturation 
magnetization. T he magnetic moment p er f ormula u nit M Fe2O4, w here M  represents N i
2+ or 
Zn2+, is  s hown in Fig. 1.2 as a function o f z inc s ubstitution. Z inc ferrite is a normal s pinel, 
indicating that Zn ions have a p reference for the A s ites, so that on substituting z inc for nickel 
the o ccupancy becomes �𝐹𝐹𝐹𝐹1−𝛿𝛿3+ 𝑍𝑍𝑍𝑍𝛿𝛿2+��𝐹𝐹𝐹𝐹1+𝛿𝛿3+ 𝑁𝑁𝑁𝑁1−𝛿𝛿2+ �𝑂𝑂4 in w hich t he f irst an d second b rackets 
indicate o ccupancy o f t he A  a nd B  s ublattices r espectively. T hus t he a ntiparallel co upling 
between moments on A  and B  s ites i s reduced b ecause the occupancy of A  sites b y magnetic 
ions i s reduced, a nd as  a consequence t he C urie p oint is lowered. H owever, t he ex cess o f 
moments on octahedral sites over those on tetrahedral sites is increased so that the magnetization 
is increased. T he da ta pl otted i n F ig. 1.2 c onfirm t his model up t o δ~0.4. The f all i n 
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magnetization for higher values o f δ is due to the reduced antiparallel coupling between the A 
and B sites, and it becomes zero when δ= 1, i.e. (𝑍𝑍𝑍𝑍2+)(𝐹𝐹𝐹𝐹23+)𝑂𝑂4 
 
 
 
 
 
 
 
 
 
 
Generally s peaking, the spinel f errites h ave l ow m agnetic anisotropies and are m agnetically 
‘soft’; e xceptions ar e t hose co ntaining Co2+ which is  i tself s trongly ma gnetically anisotropic. 
Cobalt s pinel ferrites ca n h ave co ercivities ap proaching 1 05Am-1, p lacing t hem firmly in t he 
‘hard’ category[2]. 
Ni–Zn ferrites are one of the most versatile magnetic materials for general use, which have many 
applications in both low and high frequency devices and play a useful role in many technological 
applications such as  microwave devices, r od an tennas, r ead/write h eads for h igh speed d igital 
tape, cores for inductors, transformers and in switch mode power supplies etc. because o f their 
high initial permeability, low magnetic losses, high resistivity, low dielectric losses, mechanical 
hardness, high Curie temperature and chemical stability[4,5]. 
 
 
Fig. 1.2 Saturation magnetization per ‘formula unit’ for the 
ferrite �𝐹𝐹𝐹𝐹1−𝛿𝛿3+ 𝑍𝑍𝑍𝑍𝛿𝛿2+��𝐹𝐹𝐹𝐹1+𝛿𝛿3+ 𝑁𝑁𝑁𝑁1−𝛿𝛿2+ �𝑂𝑂4 as a function of δ[2]. 
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LITERATURE REVIEW 
 
Nickel–zinc ferrites have e xcellent s oft magnetic p roperties a nd are u sed in e lectronic and 
telecommunication i ndustries. Ferrites are s tructure s ensitive materials a nd t heir p roperties 
critically depend on the manufacturing process [6]. 
The densification o f a p ure NiZn ferrite to a reasonably high density is d ifficult because o f the 
relatively high melting point of some component oxides and low bulk diffusivity. As a result, it 
is very d ifficult to obtain a s intered body with density exceeding 90% of the theoretical density 
using solid state sintering. At the same time, typical NiZn ferrites sinter satisfactorily only above 
1250 °C, their microstructure and properties being difficult to control because of the volatility of 
ZnO at such temperatures[7]. 
The magnetic properties of ferrites are known to be influenced by chemical composition, crystal 
structure, grain size and porosity. Initial permeability is an important magnetic property to study 
the quality of soft ferrites [6]. 
R. V.Mangalaraja et al. [6] reported the initial permeability(μi) and the relative loss factor (tan δ/μi) 
as the function of frequency in the range of 1 kHZ to 13 MHz for Ni0.8Zn0.2Fe2O4 prepared by the 
flash combustion technique and sintered at 1150, 1250 and 1350 °C whichshows a s teep fall up 
to 10 kHz as shown in fig.2.1. Thereafter, no variation is seen for these samples up to 6MHz.At 6 
MHz, the trend s lightly changes and the permeability value for all the samples slowly increases 
up t o 13 M Hz.The initial p ermeability value lies be tween 18  a nd 23.  T he sample sintered at  
1350 °C shows a permeability value of ≈23. The same order of values was obtained by Verma et 
al.[8] fo r the f errite.  The increase in t he s intering t emperature r esults in a d ecrease in t he 
magnetic a nisotropy by decreasing t he internal stress a nd cr ystal a nisotropy, w hich r educe t he 
CHAPTER-2 
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hindrance t o the movement o f t he domain walls r esulting t hereby in t he increased value o f t he 
initial permeability[8]. 
The r elative loss factor ( tan δ/μi) is  shown i nFig. 2. 2 for Ni–Zn f errites sintered at  v arious 
temperatures[6]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.1 Variation of permeability as a function of frequency for the 
ferrites sintered at 1150, 1250 and 1350 °C [6]. 
 
Fig 2.2 Variation of relative loss factor as a function of frequency 
for the ferrites sintered at 1150, 1250 and 1350 °C [6]. 
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Verma et al. [8]reported the initial p ermeability (μi) and the relative loss factor (tan δ/μi) as t he 
function o f frequency in t he r ange o f 1 0 KHz–13 MHz for s amples o f c ompositon 
Ni1−xZnxFe2O4, w ith x=0.2, 0. 35, 0. 5 a nd 0. 6 sintered in t he r ange 1100 –1400°C for 1  h i n 
air.The variations of the real part μi′ and of the imaginary part μi″ of complex initial permeability 
with frequency ar e s tudied a s a function o f t he c omposition a nd s intering t emperature.Typical 
variations of all the compositions sintered at 1200 and 1400°C are shown in Fig. 2.3 and Fig. 2.4, 
respectively. The variation in μi′ and μi″ as a function of frequency for Ni1−xZnxFe2O4 samples 
sintered at four different temperatures (1100, 1200, 1300 and 1400°C) showed similar behaviour. 
μi′ and μi″ are observed to vary both with sintering temperature and zinc content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Frequency variation of μi′ of Ni1−xZnxFe2O4 sintered 
at 1200 and 1400°C[8]. 
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OBJECTIVE 
 
The objective of resent study is to investigate the influence of sintering temperature and 
time o n d ensification, initial p ermeability, loss factor of c ommercially utilized N iZn 
Ferrite toroidal core. 
 
 
 
Fig. 2.4 Frequency variation of μi″ of Ni1−xZnxFe2O4 
sintered at 1200 and 1400°C[8]. 
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EXPERIMENTAL WORK 
 
Ring co re made o f N iZn-Ferrite w ith a  t ypical industrial c omposition o f 
(Ni0.68Zn0.25Mn0.02)Fe2.5O4 has been used for the s tudy o f effect of sintering temperature 
and t ime o n t he p roperties o f t he f errite. The g reen t oroid co re had t he dimensions of 
approximately 30 mm outer diameter, 17 mm inner diameter and 17 mm height as per the 
following diagram: 
 
 
 
 
 
 
 
Fig. 3.1 Schematic of the toroid core 
 
3.1 Densification measurement 
The green densities o f the cores were measured from geometrical dimension and weight 
of t he s pecimens. T he a verage g reen d ensity w as 3 .03 g /cc. T he g reen d ensities o f 
individual specimens are shown in table 3.1 below. 
The specimens were sintered a t three d ifferent t emperatures o f 1000,  1050 a nd 1100˚C 
for three different times of 15, 60 and 240 minutes respectively at peak temperature. The 
temperature an d t ime o f sintering ar e a lso s hown in t able 3. 1. D uring s intering 
 
OD 
ID 
Ht 
 
 Ht 
ID 
OD 
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experiment, a h eating r ate o f 2˚C/min was maintained to evaporate small amount of 
binders from the green specimen.  
 
The s intered d ensities o f eac h specimen w ere a lso measured(shown in t able 3 .1) f rom 
geometrical dimensions and weight of them.  
 
To measure t he t heoretical d ensity o f t he ferrite, o ne s intered specimen w as p owdered 
and po wder X -Ray D iffraction a nalysis w as d one u sing P hilips X RD (Model: P W 
1830diffractometer, Netherland) in 2θ range 15-60˚. 
From t he d iffraction p attern, t he l attice p arameter of t he ferrite w as d etermined u sing 
formula: 
𝑎𝑎 = 𝑑𝑑�(ℎ2 + 𝑘𝑘2 + 𝑙𝑙2) 
               (For cubic system) 
X-Ray density was calculated using the formula: 
𝐷𝐷 = 𝐹𝐹𝐹𝐹 × 𝑍𝑍 × 1.66
𝑉𝑉
 
Where, 
D = X-Ray Density or Theoretical Density(g/cc) 
FW = Formula wt. of the spinel(a.m.u) 
Z = No. of formula units per unit cell 
V = Volume of the unit cell(Å3) 
1.66 is the multiplication factor for the unit conversion. 
 
Sintered densities were then converted to % Theoretical density using this X-Ray density. 
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3.2 Magnetic measurement 
For magnetic measurement, the t oroid samples w ere w ound w ith 6  t urns o f low 
capacitive winding. The inductance and tanδ of the toroidal core were measured using 
Hyoki Low Frequency LCR meter(Japan), in the frequency range 42 Hz to 1 MHz. 
 
Initial permeability of the core was calculated using the formula: 
 
µ𝑁𝑁 = 𝐿𝐿2 × 10−7 × 𝑁𝑁2 × 𝐻𝐻𝑡𝑡 × ln �𝑂𝑂𝐷𝐷𝐼𝐼𝐷𝐷 � 
Where,  
L = Inductance 
N =No. of turns 
Ht =Height of the core 
OD =Outer diameter of the core 
ID =Inner diameter of the core 
2x10-7 =Conversion factor 
 
The relative loss factor i.e tanδ/µiwere calculated for each core. 
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RESULTS AND DISCUSSION 
 
4.1 Densification Characterization 
Fig. 4.1 shows the XRD pattern of the ferrite. The pattern matched with the standard NiZn ferrite 
with reference code 08-0234 from the standard pattern respective h,k,l values o f the d iffraction 
peaks w ere as signed. T hey ar e r epresented in T able 4. 1 a long w ith t he pe ak po sition 2 θ, d -
spacing (in Å). The a-value calculated as per the eq. stated in the previous chapter for each peak 
and is also mentioned in the Table 4.1. The average a-value for the material was 8.3757 Å. Using 
this a-value, theoretical density was found out to be 5.33 g/cc. 
 
Fig. 4.1 XRD pattern of the ferrite. 
Position [°2Theta]
20 30 40 50
0
400
1600
 SMPL1.RD
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Table 4.1 Peak List, d-spacing[Å], (h k l) plane and lattice parameter (a in Å). 
Pos.[˚2Th.] d-spacing[Å] (h k l) plane a-value 
18.3473 4.83566 (111) 8.3756 
30.1865 2.96069 (220) 8.3741 
35.5403 2.52601 (311) 8.3778 
37.1875 2.41782 (222) 8.3756 
43.2110 2.09372 (400) 8.3749 
53.6015 1.70981 (422) 8.3763 
57.1463 1.61056 (511) 8.3687 
Average a-value: 8.3757 
 
Fig. 4.2 shows the % densification (of theoretical density) with sintering t ime for three different 
sintering temperatures. The green density, bulk density and % th. Densities are also shown in the 
Table 4. 2. The f igure shows t he %  d ensificationwith sintering te mperature for t hree d ifferent 
sintering t imes. A s e xpected, densification increases w ith increasing s intering t emperature as  
well as t ime. % Theoretical density v/s Sintering Temperature for three sintering times, 15 mins, 
1 hr  a nd 4 hr s are a lso s hown in Fig. 4. 3 showing similar behavior o f increased de nsity w ith 
time.  
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Fig. 4.2  % Theoretical Density(d/dth) v/s Sintering Time for three sintering 
temperatures, 1000˚C, 1050˚C and 1100˚C. 
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Table 4.2 Densification Characteristics 
Sintering 
Temperature(˚ C) 
Sintering 
Time(mins) 
Green 
Density(g/cc) 
Density 
After 
Firing(g/cc) 
% 
Densification 
% 
Theoretical 
Density 
1000˚C 15 3 3.67 18.26 68.85 
1000˚C 60 3.06 3.89 21.34 73.17 
1000˚C 240 3.05 4.13 26.15 77.48 
1050˚C 15 3.06 4.22 27.49 79.12 
1050˚C 60 3.05 4.3 29.07 80.6 
1050˚C 240 3.02 4.41 31.52 82.64 
1100˚C 15 3.04 4.33 29.79 81.2 
1100˚C 60 3.05 4.37 30.21 81.95 
1100˚C 240 3.02 4.52 33.19 84.71 
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Fig. 4.3  % Theoretical Density(d/dth) v/s Sintering Temperature for three 
sintering times, 15 mins, 1 hr and 4 hrs. 
15 mins 
1 hr 
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 22 
Sintered ferrite microstructure is shown in Fig. 4.4 along with its EDS spectra. The micrograph 
for 1000 oC s intered s pecimen s hows a verage 1  micron g rains o f t he ferrite w ith lot o f o pen 
porocities. The EDS spectra show the presence of Ni, Zn and Fe are the major constituents. 
 
 
 
Fig. 4.4 Microstructure and EDS spectra of sintered ferrite. 
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4.2 Magnetic Characterization 
4.2.1 Initial Permeablitity(µi) 
Fig. 4.5 shows the initial permeability v/s sintering time and temperature at 100 kHz frequency. 
Permeability increases with i ncrease i n s intering temperature. T his isdue t o a d ecrease in t he 
magnetic anisotropy by decreasing the internal stress and crystal anisotropy, which reduces the 
hindrance t o the movement o f t he domain walls r esulting t hereby in t he increased value o f t he 
initial permeability[8]. 
Permeability increases w ith t he increase in de nsity w hich may be due  t o a n increase in t he 
contribution from domain wall displacement. 
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Fig 4. 6 to 4. 11 show the i nitial p ermeability vs f requency of t he f errite s intered at  d ifferent 
temperatures and t imes.The initial permeability o f a ferrite can be due to either a s imultaneous 
rotation o f t he spin in each weiss-domain or to a reversible displacement or bulging of domain 
wall.  
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Fig. 4.6 µi v/s Frequency for samples sintered at 1000˚C 
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Fig. 4.7 µi v/s Frequency for samples sintered at 1050˚C 
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Fig. 4.8 µi v/s Frequency for samples sintered at 1100˚C 
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Fig. 4.9 µi v/s Frequency for samples sintered for 15 mins 
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Fig. 4.10 µi v/s Frequency for samples sintered for 1 hr. 
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Fig. 4.11 µi v/s Frequency for samples sintered for 4 hrs 
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4.2.2 Loss 
Losses in ferrites are due to 3 reasons: 
1) Hysterisis loss: Mainly due to the non-reversing domain wall displacement. 
2) Eddie-current loss: Due to the e lectronic movement to cancel t he applied magnetic field. In 
most of the ferrites, eddie-current losses are negligible, but it is very high for metallic magnetic 
material. 
3) Resonance relaxation losses: Due to either reversible high frequency displacement of domain 
wall or to the magnetization rotation inside a domain. 
 
Fig 4. 12 t o 4 .17 show t he r elative loss factor ( tanδ/µi) vs frequency o f t he ferrite s intered at  
different temperatures and times. 
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Fig. 4.12 RLF(tanδ/µi) v/s Frequency for samples sintered at 1000˚C 
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Fig. 4.13 RLF(tanδ/µi) v/s Frequency for samples sintered at 1050˚C 
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Fig. 4.14RLF(tanδ/µi) v/s Frequency for samples sintered at 1100˚C 
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Fig. 4.15 RLF(tanδ/µi) v/s Frequency for samples sintered for 15 mins 
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Fig. 4.16 RLF(tanδ/µi) v/s Frequency for samples sintered for 1 hr. 
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Usually, hysteresis and eddie-current losses are predominant upto a frequency of 500 KHz. In the 
present cas e, loss is d ue t o the h ysteresis l oss a s eddie-current l osses are n egligible i n the 
material at  focus. Also i t can b e deduced f rom the s tudy that losses decreased w ith increased 
densification (as shown in fig. 4.18). 
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Fig. 4.17 RLF(tanδ/µi) v/s Frequency for samples sintered for 4 hrs 
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Fig. 4.18 RLF(x10-3) vs. %Theoretical density at 100 KHz fixed frequency. 
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CONCLUSIONS 
 
NiZn ferrite s intered at  d ifferent t emperature and t imes showed t hat the permeability is highly 
dependent on density of the ferrite. Permeability increases with the increase in density. Relative 
loss was also found to depend on the relative density. Loss was lower for highly dense material. 
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